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SUMMARY 

Fligh+performsnce measurements were made on an untwisted, plywood- 
covered rotor in the high-speed end vertical-utorotative-descent con; 
dstiona. The results were compared with measurements on a similar rotor 
having 8’ of linear washout end with theoretical calculations in order 
to determine the effects of rotor-blade twist on helicopter perfoknce. 

The use of negative blade twist appesrs'to be an effective meens 
for increasing the maximum speed of the helicopter as limited by blade 
stall and for reducing the perfomnance losses due to stall at a given 
thrust coefficient end timpeed ratio. In psrticulsr, an increase of 
approximately 7 miles per hour or about 10 percent in the limiting 
forward speed of the helicopter seems possible with the use of -8O twist. 
In terms of profile-drsg power savings at a given airspeed, once stalling 
had developed on both rotors, the rotor profile-drag losses incurred by 
blade stall could be reduced by approximately 40 percent of the average _ 

, 

profile-drag power absorbed by the rotors in the unstalled condition by 
use of -8O twist. 

A comparison of the test results obtained with both rotors in 
vertical power-off descent showed that negative blade twist had little 
effect on the performance of the helicopter in that condition. As 
indicated by limited data, the same conclusion appeared to be true for 
the forward%light glide condition as well. 

Calculated values obtained from an available semiempirical theory 
indicated that the measured rates of descent in vertical power-off deBCent 
were 6 percent higher than the predicted values. Good agreement was 
obtained, however, between the theoretical results and the few measured 
rotor drag-lift ratios obtained in forward-flight autorotative glides. 

INTE$OD~CTION . 

Rotor-blade twist has often been advocated as en effective means 
of minimizing the adverse effects of stalling of.the retreating blade 
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of a helicopter rotor traveling at high tip-speed ratios. (See 
references 1, 2, and 3.) These effects are manifested by Increased 
rotor power losses and by severe vibr'ation and loss of control which 
ultLmately Limit. the forward speed of the helfcopt-Evr. An anelysia of 
flight measurements, including measurements obtained in the high-speed 
condition, on a helicopter rotor-having plywood-covered blades that 
incorporated 80 of linear washout was presented in reference 3. These 
results afforded the opportunity of verifying exper.&uentally the 
theoretically-predicted effects of blade twist on high-speed rotor 
performance if data were available on a sImil.ar rotor havin@; untwisted 
blades. Accordingly, flight measurements were obtained on an untwisted 
plywood%overed rotor, having the same solidity, plan.form, snd airfoil 
sections as the previously tested twisted blades, for the condItIons In 
which blade stallingwas present-; Because the effects oftwistcannot 
at present be theoretically determined In power-off vertical flight and 
because of the importance of this condition from considerations of safety 
end design, the sinking speeds of the helicopter in this cotitlon were 
also measured in order to determine whether significant differences 
existed between the untwisted and twisted blades. h eBif3 Of the 
results of the msasurements is presented herein, together with a com- 
parison of the performance of-the twisted blades ztn the fame flight- 
conditions. 

Some limited data in the forward-flfght-climb and autorotative- 
glide conditions, which were incidentally obtained, are also ccmpared 
herein tith corresponding twisted-blade data. In all cases, the test 
measurements are analyzed and correlated with calculations obtafned by 
available rotor theory. 

SYMBOLS 

W 

b 

R 

r 

C 

ce 

gross weight of hellcopter, pounds 

number of blades per rotor 

blade radius, feet 

ra&l distance to blade element, feet 

blade-section chord at radius r, feet 

equivalent blade chord, feet 

. 

. 
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P 

PO 

vc 

v 

'h 

vv 

sz 

7 

a 

rotor solidity (bee/S?) 

average main rotor+lade pitch at the 0.75 radius, 
uncorrected for pla$ in linkage or f&r blade 
twist caused by air loade, degrees 

lineax blade twist, obtained a8 difference between 
root end tip pitch-angles, poeitive when tip 
angle if3 greater 

maes density of air, slugs per cubic foot 

ma88 density of air at sea level under standard 
conditions (0.002378 slugs per cubic foot) 

calibrated airspeed (indicated airepeed corrected 
for instrument installation errors, considered 
equal to V 7/p7po in the present cam), miles 
per hour 

true airepeed of helicopter along flight path, tiles 
per hour 

horizontal ccxnpcnent of true airspeed of helicopter, 
miles per hour 

vertical. component of true airspeed of helicopter, 
positive in climb, feet per minute 

rotor engular velocity, radians per second 

angle of climb (--1&J . 

rotor an@;ie of attack; angle between projection in 
plane of symmetry of axis of no feathering and 
line perpendicular to flight path, positive when 
axis is pointing rearward, radians (The ~fe of no 
feathering is defIned aB the axis about which there 
is no ftist hemnonic feathering or cyclic pitch 
variation.) 

tip-speed ratio 
(" Cl: "i 
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L 

+ correction to fuselage angle of attack to allow for rotor 
downwash, degrees assumed equal to 

( -) 
l 

CLfC 
corrected fuselage angle of attack, degrees 

-. 
%’ blade-element angle of attack, measured f'rcm line of 

zero lift, radians 

"(l.o)(27oo) blade-element angle ofattack at tip of retreating blade 
at 270° azimuth angle, degrees 

L 

D 

T 

%.ul car 

cD 

(i/j0 

C;)oth 

.E 0 oexp 

( @ 
,'Pt 

rotor lift, pounds 

rotor d&g, pounds 

rotor thrust, pound8 

rotor lift coefficient, 

fuselage w COB 7 

( > 
&V2lB2 
2 

rotor lift coefficient 

rotor drag coefficient 

uncor?ecte-d for air loads on 

L 
( > LpV2lM 

2 
D 

( > 
lpv2*2 2 

rotor thrust coefficient 
(&*)2) 

-rotor profile..drag-lift ratio 
- - 

rotor profile dreg-lift ratio a~ calculated from theory 

rotor-profile d&.&lift ratio 88 calculated from 
.-measured quentitiea 

parasite-ilrag contribution of tail rotrPp divided by ' 
main-rotor-lift 
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0 2 
= pf 

parasite drag of fuselage, rotor head, and blade shanks, 
divided by-mainqotor lift 

2 
0 L 

drag-lift ratio representing sngle of climb Y, positive 
inclimb 

0 
P 
Li 

rotor induced drag-lift ratio 

0 D, 
Lr 

rotor drag-lift ratio; ra lo of equivalent drag of 
rotor to rotor lift 

(ijo +@J 

shaft power parameter, where P is equal to rotor-shaft 
power divided by velocity along flight path snd is 
therefore also equal to drag force that.could be 
overcome by the shaft power at flight vehcity 

APPJIRATUS AND YIN-ATION 

The test rotor was flown on a conventional helicopter, a general 
view of which is shown in figure 1, and a thre-iew drawing, including 
dimensions and pertinent chsracteristics, is shown in figure 2. A 
general view of the rotor blade, including its plan--form aimensions, is 
given in figure 3. 

The test rotor differed from the rotor used in the investigation of 
reference 3 by having zero twist instead of -8O twist. The blade profile 
and surface condition of the two rotors were quite similer and the airfoil 
sections of both rotors could be expected to have the same staUing angle. 
Briefly, the blades were plywood-cavered and were designed with an 
NACA 23015 section having the rearward 10 percent of the mean line 
reflexed O.g", The blade surfaces were refinished before the tests and 
could be considered aerodynamically smooth, although to build up the 
forward portion to a true contour as regmds shape end meximum thickness 
was not feasible. The solidity of the rotors was 0.042. 

All quantities necessary for the complete determination of the 
perfoMnance of the teat rotor were obtained from NACA recording instru- 
ments. Particular cere was taken in the measurement of airspeed and 
main-rotor shaft torque because of their critical influence on such 
final performance parameters as the rotor drag-lift ratio. 

Airspeed was determined by mesns of a freely swiveling pitot-static 
installation mounted on the end of a long boom in front of the fuselage, 
the airspeed head being about 2 feet in front of the main rotor disk. 
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The installation was c&libratWd by means of a trailing pitot=static 
nbomb" BuEIpendea approximately 100 feet below the rotor. In order to 
insure zero horizontal airspeed, both recorded and visual indications 
of longitudinsl and lateral velocity deviations from zero airspeed were 
employed in the vertical descent tests. 

The main-rotor-shaft torque was obtained by means of a strain- 
gage t-orque-mster, the strain-sensitfve elements being mounted on the 
drive shaft between the gear box and the pylon thrust-bearing. The 
power req@red by the main rotor was then calculated as the product of 
the measured torque and rotor rotational speed, the latter being 
obtained with an NACA recording tachometer. 

Photographs of the airspeed installations, as well as a detailed 
description of the instrumentation and methods employed in the per- 
formance measurements, will be found in references 3, 4, and 5. 

REDUCTION OF DATA AND THEORETICAL AIWLYKCS 

Rotor draelift ratios were calculated for the forward-flight 
condition from the general perf ormance.equation expressed in coef- 
ficient form as 

% = @X + (E&, + (El*, + (UC 
For each data point, values of P/L, (D/LIPf, (D/Llpt, and (Db), 

were detewed from measured data, as described in reference 4. 

Rotor drag coefficients in vertical autorotative descent were 
obtained from the gross weight of the helicopter, the measured rate of 
descent; and the air temperature and pressure by the foElazing formula 

The flight data are compared with theoretical calc~Qations. Briefly, 
the performance of the rotor in the level-flight, climb, and glide con- 
ditions was computed from the performance charts of reference 6. The 
aetiempirical theory covering the vertical autorotative condftion was 
obtained from reference 7. The profile-drag polar used in the thee- 
retical comparisons is representative of the @rag characteristic of well- 
built plywood-covered blades and is considered to apply to the two sets 
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of rotor blades tested. Although section data over the working angle-of- 
attack rsnge are lacking for the untwisted and twisted teat rotors, an 
experimental check on their minimum profile-drag coefficient, obtained by 
testing the rotor in the zero-thrust region, yielded a'vslue of 0.008, 
which compared favorably with the value 0.0084 used in the theoretical 
calculations, Further, the theoretical polar was based on tests of air- 
foil sections similar to that used in the test rotors. The actual and 
theoretical polars were therefore assumed to be in agreement. 

REXXILE AND DISCUSSION 

Level flight.- Test data obtained in forward 
table I, snd the values of main-trotor drag-lift ratios and other 

flight are listed.in 

passmeters derived from these data are given in table II. 

Both theoretical considerations and experimental studies have shown 
that stalling first appears on a helicopter rotor at the tip of the 
retreating blade. This earlier occurrence of stall at the tip of the 
retreating blade rather than near the root arises from the fact that the 
greater rotational speed of the tip sections, combined with the down 
flow through the rotor disk, results in larger section angles of attack 
at the tip. For a given operating condition, tip stalling can be 
reduced by constructing the blade with negative twist, so that the 
blade tip sections will operate at lower angles of attack on a twisted 
blade than on sn untwisted blade. Although the lower tip angles sre 
obtained at the expense of somewhat higher angles inboard,, the highest 
en&es would still occur at the blade tip for the range of twists under 
aiscussion (in the neighborhood of 80). 

The degree to which twist would be expected to delay the occurrence 
of high tip angles is illustrated in figure 4 for the test helicopter at 
typical operating conditions. The figure shows that, at the same air- 
speed, -the calculated tip angles of attack of the blades having -8O twist 
sre about2.5O less than those of the untwisted blades over the speed 
range shown. 

The increased stalling to which rotors are subjected at higher 
forward speeds results in increasing vibration and control difficulties 
snd in higher rotor profile-drag losses. Data showing the effect of 
rotor-blade stalling, as indexed by the sngle of attack of the retreat1 
blade, sre shown in figure 5(a) for the untwisted blades and in figure 5 b) T 
for the twisted blades (reference 3). These data are presented in terms 
of the ratio of measured to th8OretiCal profil8--drag-lift ratios lotted ' 
as a function of tip angle. The stall data of figures 5(a) and 5 b) P are 
represented by straight-line fairings and for p oses of comsrison, the 
faidng of the data for the twisted blade (f lg. is also shown in 
figure 5(a). 
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It should be noted that>f the tip angle of attack could be precisely 
calculated for both rotors and if the shape and rate of growth of the 
stalled areas on both rotor5 were the 5ame, the faired curves of figure 5(a) 
should coinciae. The difference of approximately l$o between the faired 
data shown on the figure can therefore be attributed to errors in the 
calculation of the tip angles (which would be primrily due to assumption5 
regarding the inflow distribution5 for the blades oFdifferent twists) and 
to differences between the shape and rate of growth of the stalled srea5. 

The effectiveness of twist in extending the speed range of the 
helicopter by delaying blad.8 stallingand in reducing the profile-drag 
power losses due to stall is shown in figure 6, which gives the variation 
of profile-drag power with speed for the test helicopter at a typical 
operating condition (W = 2625 lb, OR = 450 fps, CT = 0.0050). The 
curves of figure 6 were obtained by combining the variation of speed 
with tii, angle a5 given by figure 4 with values of profile-drag power 
computed frcm the values of the profile drag-lift ratios for the various 
tip angles given in figure 5. This method of cross-plotting eliminates 
the need for accurately predicting the difference in tip angles of attack 
between both rotors by eliminating the tip-rtngle psrameter. The aolid- 
line curvea in figure 6 represent the theoretical profile-drag power with 
no all ow-ance for blade stalling, whereas the da5h-line curve5 represent 
the theoretical power plue an experimental correction for blade stslling 
as obtained from figure 5. 

The result5 ehown in figure 6 indicate that the theory (with no 
allowance for stalling) mderestiinated the rotor profile-drag loeses for 
conaitions resulting in calculated tip angles of attack above the stall, 
the discrepancy increasing rapidly with the speed. The figure also shows 
that stalling losses began at a Speed 7 miles per hour (about 10 percent) 
higher with the twisted blades than with the untwisted blades. In this 
connection it might be noted that if the previously discussed lLo 4 dis- 
crepancy in tip angles in figure 5(a) was applied'to the curves of 
figure 4 as a correction factor, the 7 mile-per&our delay in &rag rise 
due to blade twist would have been accurately predicted. 

The results shown in figure 6 al50 indicate that, once stalling wa5 
developed on both rotors, the twisted blades required approximately 
15 horsepower less to operate at the ssme speed than did the untwisted 
blades, the decr8aEle in additional profile4m.g power due to blade stall 
amounting to approximately 40 percent of the average profile-drag power 
absorbed by the rotors in the wstalled conditions. 

, 

It is worthy of mention that-the flightconaiti0n5 corresponding to 
the highest calculated tip angle of attack obtained with the untwisted 
blades did not correspond to the limit-of operation of the helicopter a5 

.set by excessive vibration and control difficultie5. The helicopter wae 
actually flown at a tip angle of attack that was lo higher than the angle 
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of attack shown by the highest data point in figure 5(a). The lo increment 
in tip angle corresponds to en increase in airspeed of 6 miles per hour. 
At the limiting condition, however, the severe shaking of the helicopter 
end the control difficulties encountered did not permit the measurement of 
accurate performz3nce data. Thus, the conclusion dratrn from the analysis 
of the twisted-blade data (reference 8) - qly, that the limiting con- 
dition of operation corresponds to a calculated tip engle of attack that 
exceeds the s-telling angle by about 40 - is confirmed by the untwisted 
blade data. It follows that the increase in the limiting forwsrd speed 
brought about by the use of -8' of twist-is equal to the 7 mile-per-hour 
delay in drag rise shown in figure 6 for the twisted blades. 

Vertice.1 autorotative descent-.--Rotor drag coefficients and related 
data obtained in the power-off vertical-descent condition with the 
untwisted test rotor are listed in table III. The dataare compared in 
figure 7 with values' of drag coefficient previously obtained with the 
twisted blades and with calculations made by a semiempiricaJ theory 
(reference 7) representing blades having solidities of 0.10 end 0.04. 
The theory makes no ellowsnce for blade twist. Rotor drag coefficients, 
which are a measure of the lifting.ability of the rotor in vertical 
descent, sre plotted in this figure against the ratio of thrust coef- 
ficient to solidity, which represents the rotor mean lift coefficient. 
The agreement betwe.en the data for the untwisted and the twisted blades 
shown in figure 7 is significant in that it indicates that negative 
blade twist does not affect by more then a few percent the lifting 
effectiveness of a rotor in vertical autorotative descent. The average 
vertical rate of descent ,of the test helicopter, weighing 2625 pounds 
at standard sea-level conditions is calculated from the data of figure 7 
to be approximately 2400 feet per minute and would be the same for either 
test rotor. 

A comparison between the theoretical calculations and the experimental 
twisted-blade data reveals that, on the averse, the semiempirical theory 
overestimates the rotor drag coefficient by approximately 12 percent or 
underestimates the measured rate of descent by approximately 6 percent. 
The results correspond to the results given in reference 3 for the twisted- 
blade data; thus the conclusion dram in this reference concerning the 
degree of accuracy of the existing theory which covers the vertical- 
autorotative-descent condition is substantiated. The comparison between 
the semiempirical theory and the data suggests that, if a more precise 
agreement is desired, the funpirical part of the procedure should be 
investigated. Such an investigation would involve repeating the basic 
measurements relating the total flow through the disk in vertical descent 
to the rate of descent with rotors having different plan-form shapes and 
surface conditions. 

Forward-flight climbs q&i autorotative &ides.- Climb data, which 
were incidentally obtained in conjunction with the main set of test runs, 
are presented in table I and derived parameters, in table II. Inasmuch 
as most of the measurements were obtained with various degrees of blade 
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stall, they were maIyzed directly in tern of the ratio of experimental 
to theoretical rotor profile-dr*lift ratios and calculated tip angles 
of attack, Thegx3 p%rame ters are plotted in figure 5(a), together with 
the points obtained in level flight, The results indicate that several 
effects of blade stalling on rotor perfoman ce are simU.ar in level flight 

'imdinclimb. The theory increasingly underestimates the power expended 
in profile drag as the tip angle of attack exceeds the blade-section 
sta,lUng angle of attacks. These conclusions are the same as those drawn 
for the cliu& results obtained with the twisted blades in reference 3. 

A closer examination of the' climb data in figure 5(a), as well as 
those given in figure 5(b) for the twisted blades, suggests however, a 
scmewhat higher and earlier occurrence of profile-drag stalling losses 
then obtaIned in level flight. This difference in stalling characteristics 
implies that rotor theory, and partioulsrly the tip-angle critmion, is 
not as accurate for large rates of cl3ib as for level flight. A difference 
in accuracy for the two conditions might be expected imamuuch as the theory 
was developed sp8cificaJ.ly for level flight and moderate rates of climb, 
wherein the usual asauqtiona regarding the -&igoncanetric f'unctions of 
small angles azevalid. 

Two long autorotative glides were also obtained with the untwisted 
blades. 'Thaw data axe listed in 'tables I and II, and are shown in 
figure 8 in terms of rotor drag-lift ratios and tip-cspeed ratios. Theo- 
retical performan ce curves, representing the extrexte vs&.ms of measured 
thrust coefficient, ere also shown in the figure, together with the 
msasured autorotative perfomance of the twisted rotor as given in 
reference 3. Although it is not possible to draw ~TYQ- general conclusions 
from a few data points, some significance can be attached to the fact 
that within the general scatter of the data, the autorotative perfmmance 
of both rotors 858 th8 same, so that negative twist-might be expected to 
have little effect on this condition. The eqerimental data are also 
noted to be in good agreement with the theoretical curves, the theory 
predicting no signif'icant difference betweeti-the two rotors. 

CONCmIONS 

A comparison of flightqerf ormmce measurements made on an untwisted, 
plywood-covered rotor with measurements on a elmllax rotor having 8O of 
linear washout, indicates the following conclusions: 

1. Negative blade twist appeaser to be an effective means for 
increasing the mazxlmm forward speed.of the helicopte~7a.s limited by 
blade stali'and for reducing the parfomance losses due to stall at a 
given thrust coeificient and tip-peed ratio. 

2. An increase of approximately 7 miles per hour or about-10 percent 
in the limiting speed of the test helicopter e;ppeass possible with the 
UEe of -43O of blade met. In terms of power savings, the 7 miles per 

. 
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hour fncrease kn limiting speed represents, at a specffic airspeed, a 
reduction of approximately 15 horsepower from the profile4rag pouer 
absorbed by the untwisted blades, once stalling had developed on bath 
rotors. This reduction in power amounts to approximately &CI percent 
of the average profile-drag power absorbed by the rotors in the unstalled 
condition. 

3. Negative blade twist has little effect on the rate of descent of 
the helicopter in the VerticaL-eutorotative-feat conditLon. 

4. On the basis of limited data obtained in forward-fHght 
autorotative glides, negative twist appeared to have UttLe influence 
on the rotor drag-lift ratios In that condition. 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Field, Va., April 22, 1948 
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Figure l.- Test helicopter equipped with an untwisted, plywood- 
covered set of main-rotor blades. 
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W.n rotor: 
Radiue,rt ..,. , . . . . . . . . . 19 
Blade arm (3 bladee), eq ft , . -. . . 65.4 
Disk arm, sq it . . . . . . . . . . . L134.v 
sollaity . . . . . . . . . . . . . . . 
Ratio of rotational epeed to en&no 

F 
epeed . . . . . . . . . . . . . . . 0.107 

Tall rotor: 
Radiue, it . . . . . . . . . . . . . . 3.96 Blase are!3 (3 blades), Eq it . . . . . A92 
Dl8k arect, sq It . . . . . . . . . . . 49.2. 

. . . . . . . . . . . . . . . 0.567 
Center line of mab rotor to oenter 

line of tail rotor, it . , . . . . , . 25.l$ 

paraaltB-urag area, aq It . , . . , . , 22.92 

Rated horeepwer . . , . . . . . . . . . 180 

Figure 2.- Dimensions and pertinent characteristics of test helicopter. 
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Figure 3.- General view and planform dimensions of test rotor blade, 
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Figure 4.- Theoretical effect of blade twist on the calculated blade-tip angles of attack and 
limiting forward speed of test helicopter, W = 2625 pounds; blR = 465 feet per second; 

cT = 0.0050. 
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(a) Untwisted-blade data. 
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. (b) Twisted-blade data (from reference 3). 

Figure 5.; Stall analysis of data obtained with test rotors in level 
flight and in climb. 
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Figure 6.- Effect of blade twist on rotor profile-drag power for test helicopter. 
TN = 2625 pounds; LIR = 465 feet per second; CT = 0.0050. 
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Figure 7.- Comparison of the vertical autorotative performance 
of untwisted blades with that of twisted blades and with results 
obtained by s emiempi rical theory. 
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Figure 8.- Comparison of the autorotative glide performance of the untwisted blades witi 
the performance of the twisted blades and with theoretical results. 


